Malate dehydrogenase isoenzymes catalyzing the oxidation of malate to oxaloacetate are highly active enzymes in mitochondria, in peroxisomes, in chloroplasts, and in the cytosol. Determination of the primary structure of the isoenzymes has disclosed that they are encoded in different nuclear genes. All three organelle-targeted malate dehydrogenases are synthesized with an amino terminal extension that is cleaved off in connection with the import of the enzyme precursor into the organelle. The sequence of the 27 amino acids of the mitochondrial transit peptide is unrelated to the 37-residue glyoxysomal transit peptide, which in turn is entirely different in sequence from the 57-residue chloroplastic transit peptide. With the exception of malate dehydrogenase and 3-ketoacyl thiolase, peroxisomal enzymes are synthesized without transit peptides and are frequently translocated into the organelle with a peroxisomal targeting signal consisting of a conserved tripeptide at the carboxy terminus of the protein. Based on the observation that this tripeptide (Ala-His-Leu) occurs in the transit peptides of glyoxysomal malate dehydrogenase and peroxisomal 3-ketoacyl thiolase, the possible significance of amino terminal transit peptides for peroxisome import is discussed.
Multiple molecular forms of malate dehydrogenases (Lmalate-NAD-oxidoreductase, EC 1.1.1.37) are located in different compartments of the cell and, accordingly, participate in different metabolic pathways. In mitochondria, malate dehydrogenase regenerates oxaloacetate as a member of the tricarboxylic acid cycle. In mammalian and yeast cells, the mitochondrial form cooperates with cytosolic malate dehydrogenase to balance reducing equivalents between the mitochondria and cytosol in the malate/aspartate shuttle. In a third function, the plant mitochondrial isoenzyme plays an important role in the exchange of reducing equivalents between mitochondria and peroxisomes during photorespiration (9) . Oxaloacetate formed by transamination from aspartate is reduced by malate dehydrogenase to yield NAD for glycine oxidation in a bypass of the respiratory chain. Peroxisomal malate dehydrogenase catalyzes the conversion of malate to oxaloacetate generating NADH for the reduction Supported by a grant from Deutsche Forschungsgemeinschaft. of hydroxypyruvate to glycerate. Glyoxysomal malate dehydrogenase is serologically indistinguishable from the peroxisomal enzyme: both have the same isoelectric point and function as homodimers (3) . Apparently, peroxisomes in greening watermelon or cucumber cotyledons undergo a functional transition from glyoxysomal to peroxisomal metabolism by exchange of their enzymic content. Glyoxysomes play a major role in the mobilization of oil to sucrose in oil seedling tissue and malate dehydrogenase in this organelle functions in the glyoxylate cycle.
Although the isoforms located in peroxisomes, mitochondria, and the cytosol use NAD as cofactor, the chloroplastic enzyme is NADP dependent. It functions indirectly in C3 photosynthesis as a component in the malate-oxaloacetate shuttle between the chloroplast and the cytosol. In certain C4 species such as Zea mays, Saccharum officinarum, Sorghum bicolor, and Digitaria sanguinalis, the mesophyll chloroplasts contain a 10-fold higher activity of malate dehydrogenase. It converts oxaloacetate to malate for transport to the bundle sheath cell chloroplasts as a carrier of CO2 and reducing power in an adaptation that reduces photorespiration.
Determination of the primary structure of the mature and precursor forms of the mitochondrial and glyoxysomal malate dehydrogenase from watermelon (Citrullus vulgaris) (2, 4) and of the chloroplastic isoenzyme from maize (8) have shown that all three organelle-targeted malate dehydrogenases are synthesized on cytosolic ribosomes with an amino terminal extension, which is cleaved off in connection with the posttranslational import into the organelle. This raises the question of why the glyoxysomal malate dehydrogenase is synthesized with a transit peptide when numerous peroxisomal enzymes are sorted with a carboxy terminal peroxisomal targeting signal consisting of the three amino acids SerLys-Leu motif (5). This tripeptide, or a conserved variant of it, is necessary and sufficient to direct luciferase or cytosolic passenger proteins into peroxisomes of mammalian cells. Site-directed mutagenesis showed that variants containing Ser, Ala, or Cys at the first position and Lys, His, or Arg at the second position are permitted. The C-terminal tripeptide targeted luciferase also to peroxisomes of plant, insect, and yeast cells. An antibody raised against this peroxisomal targeting signal recognized 15 to 20 rat liver peroxisomal proteins, 6 glyoxysomal matrix proteins of Pichia pastoria, 10 proteins of glyoxysomes in the endosperm of germinating castor bean seedlings, and 4 peroxisome proteins of Neurospora crassa (7) .
Glyoxysomal malate dehydrogenase does not contain this tripeptide at the carboxy terminus or other positions in its mature part, but an Ala-His-Leu tripeptide is located in the transit peptide. The only other peroxisomal enzyme that is known to contain an amino terminal transit peptide is the rat peroxisomal 3-ketoacyl thiolase (6) . This enzyme also lacks a peroxisomal targeting signal in the mature part but it contains the tripeptide Gly-His-Leu in a position homologous to the Ala-His-Leu tripeptide in the transit peptide of glyoxysomal malate dehydrogenase: charged amino acids (primarily arginines), have few acidic residues, and many residues with hydroxylated side chains. These features also characterize the 57-amino acid transit peptide of the chloroplastic malate dehydrogenase (8) with 14% hydroxylated amino acids, 28% small hydrophobic amino acids, and nine positively charged residues (eight arginines, one lysine). Further experimental work on the mitochondrial and chloroplastic malate dehydrogenase transit peptides is required to identify the individual amino acids that are responsible for organelle recognition and possible other functions. The importance of focusing attention on individual amino acids rather than on general characteristics of transit peptides is highlighted by the recent work on (10) . A single amino acid change from proline to leucine at residue 11 from the amino terminus is necessary and sufficient to direct the enzyme into liver mitochondria in patients with hyperoxaluria type 1 syndrome.
Comparisons of the primary structures in the mature part of the glyoxysomal, mitochondrial, and chloroplastic malate dehydrogenases in higher plants (2, 4, 8) with the mammalian and yeast mitochondrial and cytoplasmic malate dehydrogenases demonstrate the prominent conservation of the cofactor binding sites and of the residues involved in catalysis because these are known from the x-ray crystallographic structure of the porcine cytoplasmic enzyme. Genes encoding the different malate dehydrogenases and lactate dehydrogenases have apparently evolved from a common ancestral gene. Especially Arg-87, Gly-185, and Gly-228 (watermelon numbering), which are decisive for selecting malate as substrate, are rigorously conserved in malate dehydrogenases, including those of bacteria. In lactate dehydrogenases, an equally consistent conservation is observed for Gln, Asp, and Thr in the same positions.
Wilks and coworkers (11) demonstrated that site-directed conversion of the glutamine in the lactate dehydrogenase of Bacillus stearothermophilus into an arginine provides a sufficient enlargement of the catalytic pocket to accommodate oxaloacetate instead of pyruvate. Thereby, a malate dehydrogenase was designed in which the catalytic efficiency (kcat/ Km) for oxaloacetate was improved by 3 orders of magnitude compared with the catalytic efficiency toward pyruvate and the mutant enzyme was twice as active as the endogenous malate dehydrogenase of this bacterium. Using site-directed mutagenesis, the NAD-dependent lactate dehydrogenase from B. stearothermophilus has been specifically altered at a single residue to shift the coenzyme specificity toward NADP (1) . The single change is at position 53 (lactate dehydrogenase numbering; corresponding to position 41 in the watermelon mitochondrial malate dehydrogenase), where the aspartate that is conserved in all NAD-malate and lactate dehydrogenases has been replaced by a serine. This substitution reduces
